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Executive Summary

Distributed technologies are slated to represent a substantial portion of future
additions in power generation capacity. Modern distributed generation technologies such
as microturbines, fuel cells, wind turbines and photovoltaic systems invariably employ
several power electronic converters such as rectifiers and inverters in them in order to
provide utility grade ac power. The cost of power electronic systems represent a
substantial portion of overall installation costs. This has been due to the complexity of
the engineering and realization of power electronics system packaging.

It is common for families of power converter products today to be custom
designed. This results in sub-optimal economic performance in terms of engineering
design, packaging, manufacturing, etc. Substantial opportunity exists for wide spread
application of electrical power converters if they can be made low cost, reliable, rugged,
serviceable, and interchangeable. Inspiration for a new, high level approach to power
converter design is found in the areas of digital electronics and computer architectures.

This report presents the results of ongoing investigations on development of high
power electronic systems for distributed generation systems using standardized
approaches for integrating the components that comprise a power converter. The
investigations have focused on developing a modular architecture that would allow using
pre-engineered and mass-produced components to develop power electronic solutions in

a systematic manner.
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A new framework for realization of power converter is presented called Bricks-
&-Buses. This framework requires three elements: modular components or bricks, from
which any practical converter topology can be constituted; buses, or connective
architectures, for interconnection of the bricks; a software environment in which to
describe the converter at an abstracted level and automatically generate engineering and
design files.

A hardware prototype is presented to demonstrate proof of concept and explore
properties of the proposed approach. Technical and practical implementation issues are
introduced and discussed. These provide insight into framework strengths and
limitations, and direction for future research.

A concept design review meeting with a number of participants from the power
electronics industry was held to disseminate the ideas and solicit inputs. The proceedings

of the design review meeting are included as appendices to the report.
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Introduction

Changes in the nature of energy use are yielding new opportunities for the
application of power electronics. Questions about environmental emissions, security risk
and waste disposal are pushing new fossil fuel and nuclear electrical power plants out of
favor, and bringing alternative energy conversion technologies, such as photovoltaics,
wind turbines and fuel cells to the forefront. Increased demands for highly reliable
electricity and stress on electric transmission systems have produced markets for
distributed electric generation plants and flexible AC transmission (FACTS) devices.

Power converters are integral to all of these systems and devices. Fundamental to
the success of these emerging markets is the ability of the power electronics industry to
consistently meet the demands of these new applications. Substantial opportunity exists
for wide spread application of electrical power converters if they can be made low cost,
reliable, rugged, serviceable, and interchangeable.

The current state of power converter design and manufacturing is seen to impede
an ability to mass customize products for a variety of applications. While most converters
are based on a few common topologies, they are designed on a custom basis. The design
process typically requires performance tradeoffs between circuit topologies,
semiconductor devices, control, EMI, heat transfer, packaging, interconnection,
reliability, etc. Perpetual re-engineering typically produces converters that have

reliability indices that are not definitively known, are unserviceable, and economical only



in very high volume. Cost and performance improvements are usually tied to particular
applications, with little cross-pollination of ideas or common industry vision. In
addition, the interdisciplinary nature of the process makes power converter design largely
inaccessible, requiring expert knowledge in several fields of engineering.

In this context, a vision of a comprehensive framework for power converter
realization has been presented, known as Bricks-&-Buses [1]. This standardized
approach is based on modular components connected via functional connective
architectures. These physical elements enable an integrated high level software design,
modeling and geometric layout environment.

This report explores the theoretical underpinnings, practical implications and
limitations of this proposed new framework. This begins with inspiration from the field
of digital electronics and computer design. This is contrasted with current state of power
converter design and manufacturing. Following is a review of recent power converter
modularization efforts. Next, vision of the Bricks-&-Buses comprehensive framework
for power converter realization is presented. A preliminary analysis of the properties and
limitations of the framework follows. Afterward, this theoretical discussion is grounded
with an analysis of prototype hardware intended to demonstrate proof of concept. A brief
review of design issues related to various power converter components are discussed to
provide a context for the geometric scaling studies to develop the concept further.
Finally, this document concludes with a summary of the findings and recommendations

for future work.



Chapter 1 Background

This chapter outlines the background for the proposed framework for power
converter realization. Key elements of inspiration were derived from developments in
VLSI microprocessor design and the architecture of conventional computer systems. The
advances of these two industries are contrasted with a view of the contemporary power
converter design and manufacturing process. Lastly, this chapter concludes with a look
at some alternative research in the areas of power electronics modularization and

packaging frameworks.

1.1 Inspiration

This discussion of the background of the power electronics and the inspiration for
Bricks-&-Buses begins in a somewhat unusual place — the fields of digital electronics and
computers. These industries have made advancements in the area of engineering and
manufacturing, and system design that have become very relevant to the field of power
electronics.

The standardization of computer architecture interfaces and the connection of
elements via buses provided a framework for rapid development of the computer
industry. In a similar manner, many in the power electronics industry have recently
begun searching for standardized approaches to unify converter packaging and
interconnection. The advent of very large scale integration (VLSI) marked a revolution

in the process of digital design. Like the digital electronics industry before VLSI, the



current state design and manufacturing in the power electronics industry splintered and
disjointed.

The connections between the VLSI design process, computer architectures, and
power electronics were first described by Venkataramanan [1,2], and more recently by

Lee and others [3].

1.1.1 Computer Architecture

Contemporary computer systems employ a bus or set of buses to connect the
processor to other devices and components of the system, i.e. memory, inputs, outputs,
external networks, etc. This bus centered approach has two principal advantages, namely
reduced cost and increased flexibility. As implemented in most computer systems, the
bus is comprised of a set of lines dedicated to carrying control, data, and address
information. This enables straightforward interconnection of the computer subsystems to
the central processor. An illustration of typical computer input/output organization is
presented below in Figure 1-1 [4].

The bus centered approach reduces computer costs in several ways. First, is the
fact that one set of lines connects all of the computer subsystem components. Second,
reconfiguration and addition of computer subsystems is straightforward and inexpensive.
Industry standard buses allow computer peripheral devices to be compatible with many
different brands of computers. Thus computer peripheral manufacturers can take

advantage of economies of scale.
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Figure 1-1 Typical collection of computer I/O devices [4].

In addition to reduced costs, the standardized bus architecture results in more
flexibility. The standardized bus allows computer users to easily replace components to
change functionality, replace nonfunctional components, or select among a range of
component manufacturers [4].

It must be noted, however that the bus centered system is not without its
disadvantages. Most notable of these is the fact that the bus can be the source of
bottleneck in data throughput. Since all of the computer’s subsystems are connected via
the bus, management of bus access is paramount to optimum performance. In addition,
the large market for peripheral components that are compatible with the bus means that
there are fewer manufacturers available for custom configured products. In addition, the
standardization of the bus limits the range of options for connection of the computer
components. This can be problematic when an application is not well served by the

range of industry standard approaches, or requires custom connectivity.
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Even with these drawbacks, the bus-centered approach to system design is seen to
offer several potential advantages to conventional power converters. The historical focus
in power converter design, namely topological and component design, has relegated the
complex and interdependent work of the designing the connective properties of the
converter to second-class status. This is not dissimilar to the traditional emphasis in
computer design. This topology-component design emphasis is, unfortunately, becoming
the limiting factor in effective converter design. This is likewise confirmed by Patterson
and Hennessy with regards to computer design, “This situation doesn’t make
sense...(because) 1/O capability is often one the most distinctive features of the machines
[4].” Hence the motivation for this work.

Due to fundamental physical differences between computers (information
processors) and power electronic converters (power processors), many aspects of the bus-
centered architecture will not be transferable. In computer systems, the principal metric
of bus performance is bandwidth and latency. In power converter systems the principal
metrics of performance are power throughput and power density. This will primarily be
a function of the capability of the connective networks carrying electrical power network
and cooling. The “bandwidth” of the electrical power bus is a secondary characteristic
that can limit power throughput. Scalability of the bus-centered approach will also be of
interest. One of the most important issues to be investigated is the degree to which the
practicality of the bus-centered approach to power converters connection scales with

increasing power rating.



Nonetheless, some lessons from the computer industry will be extensible to the
power converter industry. For example, the nature of the specification of the bus
standards is paramount to its success. A bus standard that is poorly defined, overly
restrictive, does not allow for adaptation, or does not address the needs of industry will
quickly become an unused relic. This will be particularly relevant when trying to

introduce a new approach to converter design to a potentially skeptical industry.

1.1.2 VLSI

Inspiration for a new approach to the power electronics design — manufacturing
cycle is found in aspects of the microprocessor design and engineering process known as
very large scale integration (VLSI). At its advent, VLSI revolutionized the nature of the
microprocessor design and manufacturing activity into a more vertically oriented process.
It is believed that the aspects of the VLSI approach can be employed to transform the
power electronics design and manufacturing process from a scattered, disjointed process
into a coordinated, high level activity.

VLSI enables processor designers to describe the system at a high level. From
this design description, after being verified, automated engineering software directly
produces the wafer fabrication layout information, or patterning files. These pattern files
are then processed by a foundry to produce the specified integrated circuit. This vertical
orientation of the design process allows the system designer to specify the system on a
functional level, largely independent of the specifics of the process technology [5]. An

illustration of this process is presented below in Figure 1-2.
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Figure 1-2 Overview of implementation of a VLSI integrated system [5].

It is believed that the power converter design activity can be oriented in a similar
manner. In such a system, the power converter designer could specify the power
converter functionality and a handful of key parameters in a high level graphical
environment. Complete design and manufacturing information describing the converter
is generated in an automated manner drawing on a range of standardized components,
within the rules of the architectural framework. Obviously, there are several pieces have

to be in place before this process can be implemented. Specifically, the range of
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standardized components and connective frameworks must exist and be clearly defined in

the design and manufacturing environments.

1.2 Contemporary Power Converters

In contrast to computers, microprocessors, and products from other electrical
industries, the process of power electronics design and manufacture is rather archaic.
While the range of types and ratings of power converters is rather large, most follow a
similar path from concept to production. Recent attempts to increase converter
performance and cost have focused largely on the integration and packaging of the
switching devices of a converter. These efforts still neglect the increasingly costly
balance of system components and, more importantly, the mechanisms by which these

components are connected.

1.2.1 Custom Design and Manufacturing

An overwhelming fraction of contemporary power converters are designed on a
per application basis. Design information (component selection, circuit layout and
packaging and mechanical design, thermal analysis) must be reengineered for each
design. Due to the complex and interdependent of converter engineering, the design
process is usually splintered across several software platforms. Accurate characterization
of converter performance and product design typically requires the following collection
of software tools: circuit simulation; finite element analysis (FEA) (for thermal and
electromagnetic behavior and predicting lumped parasitic circuit properties); solid

modeling (for design of packaging and assembly, and generating the FEA model);
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engineering software for control and system design (e.g. MATLAB-Simulink); CAD for
printed circuit board layout;

In a similar manner, the manufacturing process changes for each design. Power
converters commonly employ many layers of packaging. Inductors, wiring assemblies,
stacked circuit boards, and converter subassemblies typically require assembly and

integration by hand.

Figure 1-3 Manual assembly of power electronic converters [6].

This costly process often comprises a very large fraction of the total converter
assembly cost, especially when compared with other electronics assemblies, such as
personal computers and consumer electronics.

While this custom design and manufacturing process makes sense for some types
of applications, it is certainly suboptimal for many others. Converters that are smaller in
size and are produced in high volume typically warrant this custom approach to design
and manufacturing. These converters usually come in industry standard sizes (brick, half

brick, rack units, etc.), are rated up to 500 W, and are configured to process DC/DC or
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AC/DC. The most common applications for these converters are in personal and
industrial computers, telecommunications equipment, industrial process equipment,
automobiles, and the like. In some cases, low power electric drives produced in
sufficiently high production volume also warrant this customized design and
manufacturing process.

It is the combination of high production volume and relatively small size makes
the customized process economical. The high volume allows the manufacturer to
amortize the nonrecurring engineering costs and custom manufacturing setup over many
units. In addition, the small physical converter size (and presumably small cost) makes it
more practical and economical to replace the entire converter in the event of a
component, device or subsystem failure. Even among these smaller custom built
commodity converters, there is an increasing push for industry wide standardization [7].

In contrast to the smaller commodity converters, high power converters used in
utility applications, power supply backup, wind and photovoltaic conditioning, and high
power electric drives are typically much larger in physical size and produced in smaller
volumes. The customized approach becomes quite costly when this large production
volume — small physical size pairing does not exist. Nonetheless, these larger converters
are still designed and manufactured in a customized manner. As a result, the initial
engineering and manufacturing setup costs typically constitute a much larger fraction of
the unit costs.

Secondly, these high power converters are typically too expensive to simply

replace completely in the event of a subsystem or component failure. Unfortunately, the
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customized nature of the design makes repair of these larger converters very costly. Each
converter design, while often fundamentally similar on a topological level, differs in
implementation, layout, component package selection, etc. Servicing a disabled
converter requires considerable knowledge of the specific design. As a result, the

customized approach is a double penalty for these larger converters.

1.2.2 Integrated Power Modules and Component Packaging

Recent industry efforts to improve power converter performance, power density,
reliability and cost have focused largely on the packaging of power switching devices.
The result of these efforts has been increased integration of power devices [8]. In many
applications, discrete packages are being replaced in favor of integrated power modules
(IPM). At a minimum, IPMs incorporate multiple power switching devices into one
package. A common example of this is a 6-pack, which contains six insulated gate
bipolar transistors (IGBT) and anti-parallel diodes in a 3 phase inverter configuration.
External and internal pictures of 6-pack IGBT modules are presented in Figure 1-4 and

Figure 1-5.

St

Figure 1-4 External view of 6-pack IGBT module manufactured by Semikron

[9].
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Figure 1-5 Internal view of 6-pack IGBT module manufactured by Infineon [10].

Many IPMs are going beyond just the power devices and incorporating some or
all of the following ancillary power device functions: gate drive; protection; auxiliary
snubbers; logic; isolated power supply; sensors; digital and/or analog control. Examples

of this approach are presented in Figure 1-4 through Figure 1-6.

Bridge-Brake
Inverter

Figure 1-6 3 phase IGBT-diode IPM with integrated control, gate drive and other

functions, manufactured by International Rectifier [11].

The emphasis on packaging and push toward increased integration does not,
however, extend very far into the components that make up the balance of system for

most converters. These components, such as inductors, capacitors, fuses, EMI filters,
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fans, heatsinks, connectors, etc. make up an increasing fraction of the component and
assembly costs of typical converters.

Many components are available in de-facto industry standard packages, and
geometries. Unfortunately, this standardization is rather limited in scope. In most cases
the standardized package is driven by one particular application or market. In other cases
the design of the standardized package is narrowly on the component itself, and does not
consider the context of a typical application. Standardized packages for semiconductor
devices and passive components are rather disparate and usually geometrically
incompatible. As a result, integration of these components into an electrically, thermally
and volumetrically compact design is rather difficult. In addition, any particular layout is
at the whims of larger market forces; a shift in packaging by one driving industry (like
telecomm power supplies) can result in component or package obsolescence.

Only recently, have some in the power electronic industry begun to realize the
importance of a coordinated effort in the packaging of the entire converter [12,13].

These efforts have focused only on medium and low power DC/DC converters. Even

still, packaging is only part of the picture.

1.3 Current Research

The proposed Bricks-&-Buses framework for power converter realization is not
entirely without precedent. One of the most relevant examples is the power electronic
building block (PEBB) program. Other interesting research has been done to create a

new framework for power packaging, and incorporating computer automation to the
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power electronics design process. Unfortunately, however, the primary focus of these
efforts is still on the power device itself. As a result, the remaining elements of a power

converter system and their connection get scant coverage.

1.3.1 Power Electronic Building Blocks (PEBB)

PEBB is the product of research sponsored by the Office of Naval Research and
the Department of Defense. The goal of the PEBB project is to enable increased
electrification of the Navy’s propulsion, actuation and high power weapons systems on
ships, submarines and aircraft. PEBB aims to achieve this through increased power
density, plug and play modules, and multifunctionality. The intended result of this effort
is a set of universal power processors that are capable of sensing source power and
automatically producing the required output power [3,14,15,16]. PEBB has recently
been proposed for a range of other applications, including utility power electronics and
commercial appliances [17, 18].

The PEBB approach proposes using modular components to make up a power
converter. PEBB, however, is highly centered on the development of the module
containing the converter switching devices. Essentially this is an extension of the IPM
development. As a result the remaining elements of a converter and the network of
connections between converter elements are as secondary issues.

Flexibility of the PEBB architecture is also a concern. Excessive integration and
specialization of the IPM can quickly limit applicability. The lack of focus on a
generalized approach to integration of the entire converter will inevitably produce a

system that is only suitable for select application. In addition, PEBB is historically
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rooted in a set of specific applications that are of particular interest to the Navy (60 to
400 Hz converters, motor drives, circuit breakers). As a result, the PEBB framework is
not explicitly designed to allow for flexibility in the areas of topologies and design goals.

Still, the PEBB program has produced some developments that may be applicable
to the proposed Bricks-&-Buses framework. IPMs and similar modules may be
incorporated into the Bricks-&-Buses geometric framework in some fashion. Lessons
from the PEBB — derived virtual test bed (VTB) software engineering environment may
also be extendable [19]. In addition, the PEBB program does address some important
issues with regard to layers hierarchical control within the subsystems of any one
converter [20]. Likewise, some PEBB — related research has proposed a coordinated

approach to interconnection of power converter elements [21].

1.3.2 Packaging Framework and Automated Design

One of the more interesting works outside of the PEBB program has been the
work by Hopkins et al. on a framework for developing power electronics packaging [22].
This framework intended to provide a guide for power electronics packaging design and
development. It is important to note, however, that the framework appears to be intended
to aid in the custom design process. As such, it does not explore the prospect of
standardized system as proposed by the Bricks-&-Buses approach. Nonetheless, it
presents several ideas that may be applicable to the Bricks-&-Buses effort.

The foundation of the framework is a four-dimensional design space based on the
following criteria: user requirements; levels of packaging; interfaces and pathways; four

forms of energy. This framework is interesting in many respects. First, the high degree
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of abstraction allows the framework to be broadly applicable. Second, the framework
addresses the complex issues of converter scale and layering (via the levels of packaging
axis) and both the elements of the converter and the connective paths (via the interfaces
and pathways axis). In addition, the circuit or switch-centric approach to power
electronic design is replaced with an emphasis on forms of energy and energy flow. The
theoretical framework is followed up with an application to a specific design process
[23].

Another interesting paper presents results of an object oriented software tool for
power electronic design automation. This system allows the engineering to design the
converter on a schematic / topological level and employs an inference engine to select
optimum components from a database [24]. Such a system might form the foundation of
a more comprehensive software tool for automated design of the integrated Bricks-&-

Buses converters described in the following chapters.
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Chapter 2 Bricks-&-Buses

This chapter lays out the vision for the Bricks-&-Buses framework for power
converter realization. The foundation of this approach is a more generalized view of the
electric power conversion process. Properties of the constitutive physical elements of
this approach, namely the bricks and the buses themselves, are described. Upon this
foundation of physical elements is built a high level design environment. This chapter
concludes with a discussion of the envisioned Bricks-&-Buses design and manufacturing
cycle. Practical implications and limitations of the framework introduced in this chapter

will be explored in Chapter 3.
2.1 A New Perspective

Historically, improvements in the process of electronic power conversion have
been tied developments in semiconductor switching device technology and circuit
topologies. This is understandable. Performance and cost of early converters were
constrained by the limitations of these technologies. However, sustained research in
these areas has resulted in significant strides in device performance and topological
development [25,26].

Another result of this research emphasis is the traditional view of a general power

electronic conversion system, as shown in Figure 2-1.



19

Electronic Power
Converter

Figure 2-1 Conventional view of the generalized electronic power converter

This view is accurate to the degree that the primary function of an electronic
power converter is to condition electrical energy from a source into a form that is easily
digestible by a load. However, as a consequence of advances in the “electronic’ aspects
of power converter technology, this view no long incorporates the increasingly important
and costly aspects of power converter design and research. As a result of device
improvements (smaller sizes and increased switching frequencies) issues which had
largely been ancillary to converter design (physical interconnection, packaging and
thermal management) have consistently become limiting factors in achieving high
performance low cost converter designs [22].

As a result, the electro-centric view of a power electronic converter artificially
influences and restricts research activity on the other increasingly important aspects of
design. An alternative and slightly lower level view of the general function of a

generalized power converter is presented below in Figure 2-2.
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Figure 2-2 New perspective of view of the generalized electronic power converter.
This illustration, while still maintaining the central role of electrical power
processing, highlights the increasing importance of other power flows and mechanism by
which the elements of the converter are interconnected. This properly emphasizes some

of the most fruitful directions for productive research in the field of power electronics.

2.2 A Comprehensive Engineering Process

The vision of the Bricks-&-Buses framework for power converter realization is
rooted in an engineering process that facilitates power converter design. This is achieved
by abstracting much of the power electronics engineering process to a high level. This
abstraction requires three pieces. First, an array of modular components, or bricks, from
which any practical converter topology can be constituted. Second, a range of connective
bus architectures that allows for straightforward interconnection of the bricks. Third, a
software environment for describing the converter at an abstracted level, and that
translates the abstracted description of the converter topology into engineering and

manufacturing files, based on the predefined bricks and buses. For those familiar with
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computer programming, the proposed Bricks-&-Buses framework can be likened to a
compiler for power converter design.

On a physical level, the brick and bus specifications dictate the nature of the
electrical, thermal and mechanical interconnection of the functional components of a
prospective converter. This is realized by requiring geometric compatibility between all
of the functional components, or bricks, of a converter. This allows the bricks to be
aligned along a common face(s), and connected via the appropriate electrical,
mechanical, thermal and control networks, or buses. The bus connections and nature of
brick-bus interface are standardized to ensure the proper functional operation of each
brick, and to prevent cross-brick interference, such as electrical loading, EMI, data loss,
excessive heating, mechanical misalignment, etc.

These specifications for the physical interaction and connection of the common
elements of a power converter serve as the foundation of an engineering process that
enables high level converter design. This engineering process provides a mechanism for
automated translation of topological converter designs into hardware specifications.
These hardware specifications can be readily used to manufacture the specified converter
based on the standardized brick and bus components at a converter fabrication facility.

The proposed framework is believed to have significant benefits for the power
electronics engineering industry. Some of the expected benefits include reduced costs,
increased serviceability, accelerated performance improvements, and a cleaner design &
manufacturing cycle. Conceptually, of course, it is not particularly difficult to imagine

that such an integrated system for power converter realization can be created. However,
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it is less clear whether or not the benefits of such a system would outweigh the potential
drawbacks. In order to provide a context for this discussion, the following sections of
this chapter explore the constitutive elements of the Bricks-&-Buses framework.

It is important to note, that the following description of the Bricks-&-Buses
framework is not an attempt to rigidly define the technical specifications and
performance features. This description is intended to provide a general vision of the
physical and practical properties of the element in the proposed approach. Complete
design and specification of the specific technical properties of the bricks and buses will
require significant collaboration among the most visionary and experienced engineers in
the power electronics industry. This would likely be the result of an on-going industry

consortium or committee of the IEEE and/or other Power Electronics societies.

2.3 Bricks: Modular Components

The viability of the Bricks-&-Buses approach for power converter realization
requires a range of commercial available, modular, standard components that fit the
appropriate connective framework. Beyond this, the bricks are seen as natural divisions
of the power converter, with ideally no interference or cross coupling (such as thermal,
electrical, EMI, etc.) between them. The success of these bricks, or modular
components, in fulfilling their role in the converter framework is dependant on the
following: first, the degree to which the components or subsystems of most power
converters can be reengineered and repackaged into bricks; second, the degree to which

this division into subunits is efficient for the converter as a whole.
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The decision to package the converter elements as bricks is not an arbitrary one.
This geometric configuration allows for the alignment of these components along one or
more common faces. This facilitates the connection via the various buses. In addition,
the brick shape makes it more straightforward to achieve high density converter designs.
This, of course, assumes that the bricks themselves are designed for efficient use of
volume (i.e. high power density or capacitance density, etc.).

In many cases, engineering and packaging of a typical converter elements into
bricks is not difficult to image. Many of these elements amenable to being shaped as
bricks. One example is a printed circuit board with power semiconductor device
modules, associated gate drive circuitry, and isolated gate drive power, attached to a
rectangular air-cooled heat sink. Other elements, such as electrolytic capacitors, may
require more re-engineering to be converted into an efficient brick-like component.

Examples of representative converter bricks are be presented in the following
subsections in order to provide a frame of reference for this analysis. The bricks
described are: Power Switching Brick; Voltage Stiffening Brick; Current Stiffening or
Transformer Brick; Control Brick; Sensor Brick; Auxiliary Utility Brick; Input Output
Brick. This list is not necessarily exhaustive or exclusive. Other standard bricks that are
not listed here may also be appropriate. In addition, certain applications may require

creation of a custom brick to perform unique functions.

2.3.1 Power Switching Brick

The Power Switching Brick is the workhorse of most power converters. It

contains power semiconductor devices responsible for the control of power flow. The
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generalized electrical topology for this brick is that of a single pole — double pole switch.
Depending on the specific design, this brick would be the functional basis of a DC/DC or
AC/DC converter. The specific Power Switching Brick device topology would vary with
application. A particular power converter assembly might have various Power Switching
Bricks, for rectification, DC voltage conversion, and inversion. If necessary, multiple
bricks may be configured in tandem (parallel or series) to achieve the necessary power
rating for any one conversion step.

The Power Switching Brick device configurations would be standardized in order
to be suitable for a broad range of conventional topologies. As expected, the physical
configuration of the Power Switching Brick would vary depending on power rating,
voltage and device technology. Switching device technology could include Thrysitors,
GTOs, IGBTs, MOSFETs, etc. The devices may be discrete or packaged as a module.
The shape and packaging of the Power Switching Brick would likely change with device
technology.

In addition to the power semiconductor devices, this brick would likely house
some of the following: gate drive; power device protection; isolated power supply; signal
isolation devices; heatsinks and thermal management; sensors; local voltage decoupling
capacitance; snubber networks; soft switching networks. As such, it may be rather
natural use an IPM or PEBB switching module as the foundation of the Power Switching
Brick. This would be an excellent way to leverage those developments into the broad-
reaching Bricks-&-Buses framework. In some cases, the IPM and PEBB modules may

be overly integrated for the Bricks-&-Buses architecture.



25

Complications arise as IPMs incorporate more and more power semiconductor
devices. It can be difficult to achieve even heat dissipation on the module substrate [26].
In addition, the increased number of devices in a module may make IPMs less attractive
for the Power Switching Brick. It may be more optimal for a 3 phase inverter to be
configured with 3 single phase inverter Power Switching Bricks as opposed a single 3
phase Power Switching Brick. Nonetheless, the [IPM / PEBB will likely fit into the
Bricks-&-Buses framework in some fashion.

Due to the presence of the heatsink, which is commonly brick shaped itself, the
whole Power Switching Brick readily forms a brick-like shape. Representative air and

water cooled Power Switching Bricks are presented in Figure 2-3 through Figure 2-6.

Figure 2-3 Representative air-cooled Power Switching Brick (1 of 2).
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Figure 2-4 Representative air-cooled Power Switching Brick (2 of 2).

Figure 2-5 Representative water-cooled Power Switching Brick (1 of 2).
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Figure 2-6 Representative water-cooled Power Switching Brick (2 of 2).
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Electrical power connections to the Power Switching Brick are achieved via the
Power Bus on the bottom side as indicated. Thermal bus connections will vary with
power level and thermal extraction medium. In some low power cases, the Thermal Bus
will degenerate to simply a force air heatsink, as shown in the first Power Switching
Brick figure. Control Bus connections may, in some cases, occur along the same face as
the power bus connections. Power Bus to Control Bus EMI will need to be investigated.
Much of these variations depend on the power level and associated bus structure for the
application.

The Power Switching Brick would be designed and packaged so as to mitigate the
possibility of cross coupling between itself and any other sensitive elements of the
converter. Specifically, this might include local voltage decoupling capacitance or
snubbers to limit EMI inducing currents, heatsink design and thermal management to
prevent heating of adjacent bricks, etc.

The Power Switching Brick functions according to commands received via the
control bus. In the simplest case, these commands may be logic level gate signals. Or
they may be more advanced, with a schedule of duty cycle commands. Internal sensors
and signal isolation devices provide feedback information to the Control Brick, again via
the Control Bus. Sensor data is converted into a digital format at the point of sensing.
The sensor information could range from device voltages and currents to fan speeds and
case temperatures. Sensors, logic and gate drives receive power from the Auxiliary

Utility Brick via dedicated auxiliary power lines on the Control Bus.
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2.3.2 Voltage Stiffening Brick

Not surprisingly, the Voltage Stiffening Brick is principally comprised of bulk
capacitors. Electrolytic capacitors are typical for bulk DC decoupling applications. AC
decoupling and high frequency filters will use various capacitor technologies, such as oil
filled, film and others as appropriate. In some cases this brick may also include other
passive elements to form a IT filter section. These bricks may also include various
voltage and current sensors for use in feedback control or to limit Voltage Stiffening
Brick capacitor ripple current.

It is slightly more difficult to image a brick shape with efficient use of volume
made from conventional electrolytic or other cylindrically packaged capacitors. The
cylindrical electrolytic package contains the rolled layers of the conducting plates and
dielectric. A representative illustration of a Voltage Stiffening Brick from cylindrical
capacitors is presented in Figure 2-7. An illustration of the rolled layers is presented

below in Figure 2-8.

Figure 2-7 Representative Voltage Stiffening Brick from cylindrical capacitors.
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Figure 2-8 Rolled electrodes in a cylindrical electrolytic capacitor.

Assuming that this shape is currently dictated by convenience and not physical
reasons, there should be no reason why electrolytic capacitors (and other technologies as
well) cannot be repackaged into high density brick-compatible shapes. One such to
electrolytic capacitor package is presented in Figure 2-9. A Voltage Stiffening Brick

made from these capacitors is presented in Figure 2-10.

Figure 2-9 Electrolytic capacitor with electrodes repackaged in cubic shape
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Figure 2-10 Representative Voltage Stiffening Brick from cubic electrolytic capacitors.

Electrical power connections are achieved via standard connectors to the Power
Bus on the bottom of the Brick. Most Voltage Stiffening Bricks would have no Thermal
Bus connections. Thermal management of Voltage Stiffening Bricks would usually be
achieved with passive convection to the ambient air. However, in cases where limiting
the capacitor temperature is very important (i.e. for electrolytic capacitor lifetime
management), the Voltage Stiffening Brick could have explicit connections to the
Thermal Bus. Integrated temperature sensors, if warranted, could be monitored by the

Control Brick via the Control Bus in order to achieve reliability goals.

2.3.3 Current Stiffening Brick / Transformer Brick

The Current Stiffening Brick and Transformer Brick are described together due to
their physical commonality and reliance on engineering of magnetic materials. Not
surprisingly, Current Stiffening Bricks are essentially inductors. Even more obvious is
the Transformer Brick.

Like electrolytic capacitors in the Voltage Stiffening Bricks, most inductors and

transformers require some degree of reengineering to be efficiently fitted into the brick
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package. Torroidal inductors, for example, are not naturally inclined to efficient
packaging in rectangular volumes. Nonetheless, several existing magnetic forms, such as
E-cores, lend themselves to more straightforward conversion into an efficient brick
package. These could be made form soft powdered iron or other similar material.
Likewise planar magnetic technologies might also be adaptable to the brick format [27,
28]. An illustration of such an E-core is presented in Figure 2-11. A Current Stiffening

Brick / Transformer Brick made from such an E-core is presented in Figure 2-12.

Figure 2-11 E-core for integration into brick package.

Similar to the Voltage Stiffening Brick, electrical power connections are achieved
via standard connectors to the Power Bus on the bottom of the bricks. Most Current
Stiffening Bricks and Transformer Bricks would not have Thermal Bus connections.
However, as for the Voltage Stiffening Bricks, explicit Thermal Bus connection may be
appropriate for some applications. Integral current or voltage sensors could be monitored

by the Control Brick as a part of a feedback control system.
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Figure 2-12 Representative Current Stiffening Brick or Transformer Brick.

2.3.4 Control Brick

The Control Brick forms the brains of a typical Bricks-&-Buses converter. The
core of the Control Brick is typically some type of digital computer, such as a digital
signal processor (DSP) or other microprocessor. Depending on the application, the
Control Brick might also contain memory, a field programmable gate array (FPGA),
logic isolation circuitry, and a port for external communication (TCP/IP, wireless, or
infrared), and voltage regulation. The block diagram of a typical Control Brick is

presented in Figure 2-13.
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Figure 2-13 Block diagram of a Control Brick.

The Control Brick communicates with the other converter components via the
Control Bus. Communication is regulated to achieve real-time data exchange via
controller area network (CAN) or other appropriate protocols. The Control Brick
receives power from the Auxiliary Utility Brick via dedicated auxiliary power lines of the
Control Bus. Aside from the Control and Structural Buses, the Control Brick requires no
other bus connections. The Control Brick will likely be shielded to prevent
electromagnetic interference problems due fast switching currents and voltages from the
rest of the power converter

Control Brick software can be generated automatically based on the control
objectives specified during the high level design process. In addition to voltage and
current regulation, the control can be designed to limit device and component
temperatures, and coordinated control objectives with other converters. A master-slave
or distributed control architecture may be implemented if multiple Bricks-&-Buses

converters are required to achieve power throughput or performance goals. As such, the
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Control Brick may interface with an external control bus to enable networked real time

control.

2.3.5 Sensor Brick

An explicit Sensor Brick (SB) may be necessary in cases where voltage or current
sensors imbedded in existing bricks are insufficient. Many types of sensors options are
available beyond voltage and current. In addition, the Sensor Bricks may infer the
property of interest through an observer or state estimator.

The sensor brick communicates with the Control Brick via the Control Bus. All
of the sensor data is converted to a digital format at the point of sensing within the Sensor
Brick to improve noise immunity. The Sensor Brick receives power from the Auxiliary
Utility Brick via dedicated auxiliary power lines on the Control Bus. The Sensor Brick
may also connect to the Power Bus or Thermal Bus as necessary for measurement

purposes.

2.3.6 Auxiliary Utility Brick

The Auxiliary Utility Brick houses much of the hardware necessary for proper
converter operation. Specifically, the Auxiliary Utility Brick may provide EMI filters,
inrush current limiters, toggle switches, relays, circuit breakers, lights, etc. These
components, while not typically emphasized in most power electronics research,
constitute a nontrivial amount of engineering time, volume and cost in a typical

converter.
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In addition, the Auxiliary Utility Brick may also house the Auxiliary Power
Supply, if that power supply is not broken out in its own brick. The Auxiliary Power
Supply provides power for operation of the various subsystems in the converter, such as:
Control Brick; gate drive, sensors, and fans in the Power Switching Brick; sensors in the
Voltage Stiffening Bricks and Current Stiffening Bricks; Sensor Bricks; etc. Auxiliary
power is transmitted via dedicated lines of the Control Bus. Further segmentation of the
dedicated lines may be necessary for logic level DC power and high frequency AC power
for the isolated gate drive power supplies.

The Auxiliary Utility Brick will connect to the appropriate lines of the Power Bus
to power the Auxiliary Power Supply and operation of the other components (current
limiters, EMI filters, etc.). Thermal Bus connection may also be necessary for cooling of
the Auxiliary Power Supply, or other Thermal Bus functions. Control Bus connections

enable the supply of auxiliary power and receipt of commands from the Control Brick.

2.3.7 Input Output Brick

The Input Output Brick provides a locus for external converter connections. At
the minimum, input and output power connections will be accessible through this brick.
In specific applications, the Input Output Brick may also accommodate connections for
external control signals to the Control Brick and channels for external supply of the

Thermal Bus working fluid (i.e. coolant input / output ports).



36

2.4 Buses: Connective Architectures

The Bricks-&-Buses approach for power converter realization requires a set of
connective architectures, or buses, to enable efficient, predictable, high performance
operation of the various bricks within the converter. The buses are functional division of
the connective networks of a converter. The role of buses, while complementary to the
bricks, is just as important to the success of this approach. The success of the buses in
this converter framework is dependant on the following: first, the degree to which the
connective aspects of most power converters can be separated on a functional basis;
second, the degree to which these buses can be reintegrated with the bricks to achieve
high performance converter designs.

The connective networks with the converter divided on a functional basis in order
to facilitate modular converter construction. As described in section 1.1, the Bricks-&-
Buses architecture is inspired by the bus — centered architecture of conventional
computer systems. Extending the bus concept to a power converter results in multiple
buses; responsible for handling electrical power, thermal energy removal, control and
sensor information and structural support. These buses are named Power Bus, Thermal
Bus, Control Bus, and Structural Bus.

The buses are designed so as to take advantage of the natural geometric alignment
of the bricks. Brick-bus connections are made along common converter faces. Fasteners
are designed to be naturally positive locking, and require few or no tools for disassembly,
exchange, and reassembly. Examples of representative converter buses are be presented

in the following subsections in order to provide a frame of reference for this analysis.
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2.4.1 Power Bus

The Power Bus is the central artery of a Bricks-&-Buses power converter. The
Power Bus is responsible for all of the high power electrical connections between the
bricks of a converter. In most applications, the Power Bus will connect the Power
Switching Bricks, Voltage Stiffening Bricks, Current Stiffening Bricks, Sensor Bricks,
Auxiliary Utility Bricks, and Input Output Bricks as specified by the converter topology.

The materials and design of the Power Bus will depend largely on the power
rating (voltage and current ratings) of the converter design. However, most of the
proposed designs are planar in nature. This structure has characteristically low per unit
length inductance and resistance and excellent high frequency conductivity.

One option for a medium power rated Power Bus is an etched copper board, much
like a high current PCB. A higher current and voltage Power Bus may be created from a
stack of laminated copper bus bars. In both cases, the routing of the conductive paths of
the Power Bus would be generated automatically from connectivity specified during the
high level design process.

Electrical connections between the various bricks and the Power Bus would be
mechanically straightforward. The most preferable connection system requires no tools
and achieves a reliable, high conductivity connection between the bus and the electrical
terminals on the bricks. Spring tabs or other compression related connectors on the
bricks could be held against the terminals on the Power Bus from the compressive force

of the Structural Bus connections.
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Laminated bus bar assemblies from two different manufacturers are presented
below in Figure 2-14 and

Figure 2-15.

Figure 2-14 Laminated bus bar assembly, manufactured by Bussco [29].

Figure 2-15 Laminated bus bar assembly (300 V, 500 A), maufactured by Eldre [30].

These two assemblies are not intended to be representative of specific Power Bus
designs. They, instead, illustrate the feasibility of creating a high power rated Power Bus

with current bus bar technology.
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2.4.2 Thermal Bus

The Thermal Bus is responsible for heat extraction from the Power Switching
Bricks and other hot spots in the converter. A typical Thermal Bus will draw in a low
temperature fluid form an external source, direct it across high surface area heat
spreading elements (i.e. the fins of a heat sink or channels in a water cooled block) and
return it at a higher temperature to an external sink. In most cases the Thermal Bus will
use either air or water as the coolant medium.

Specific bricks will typically regulate their own coolant flow, whether by fan or
valve, as commanded by either the brick itself or from the Control Brick. In converters
where coolant flow is not regulated on a brick-by-brick basis, the Thermal Bus must be
designed so as to minimize the effects of thermal loading. The coolant distribution must
not excessively cool bricks closer to the low temperature coolant source at the expense of
the bricks that are further away.

For low power, air-cooled converters not operating in a vacuum, the Thermal Bus
may not even be an explicit connective network. Instead, all bricks requiring cooling will
have independent heatsinks with dedicated fans. The fans will be controlled to achieve
the required device temperatures. In this case, the Thermal Bus is trivial. The air is
drawn from and returned to the ambient environment. However, the converter has less
control over the thermal extraction process with such an open Thermal Bus. Some air-
cooled converters could have an actual enclosed network, directly channeling air to

bricks that require cooling.
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Most water coolant based Thermal Buses will employ a network of piping to
direct the coolant to the appropriate bricks. The piping may be a set of machined
channels in a two piece bar, or a set of pipes fit together to achieve the necessary
connectivity. Needless to say, it is paramount that the system be highly reliable with

regards to leaking and seal integrity.

Figure 2-16 Representative water coolant-based Thermal Bus with four Power

Switching Bricks.

2.4.3 Control Bus

The Control Bus is responsible for carrying control and sensor information and
other data between the bricks. Dedicated lines of the control bus will also carry auxiliary
power from the Auxiliary Utility Brick. The connectivity of the Control Bus will be

automatically generated as a part of the high level design process.
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In most cases the Control Bus will be comprised of a set of electrical conductors
that carry digital logic signals in the range of 5 volts. The electric conductors will likely
be in the form of either a ribbon cable or some type of printed circuit board (PCB) or
printed flex circuit. These conductors will be connected to the bricks via snap in
connectors. The Control Bus must provide immunity from dv/dt and di/dt induced EMI
from the Power Bus, through either shielding or tight electrical layout. Special
applications may warrant fiber optic interconnections or a local wireless network, such as
Bluetooth, for the data connections.

Several options exist for Control Bus data format. One of the simplest is a set of
address and data lines that are arbitrated by the Control Brick. The Control Brick
indicates the brick to serve as the source or destination of the information in the data lines
by use of the address lines. A master clock can be used to synchronize converter-wide
sensor acquisition or command updates in all of the bricks. Alternative Control Bus

approaches may use a controller area network (CAN) or other appropriate data protocol.

2.4.4 Structural Bus

The Structural Bus is simply an abstracted term for the mechanical connections
that provide mechanical strength and form to the converter. In most cases the Structural
Bus will be some type of mechanical chassis with mounting sites for connection of the
various bricks and other buses of the converter. In addition to providing mechanical
form to the converter, connections to the Structural Bus may provide compressive force

to the electrical connections to the Power Bus and Control Bus.
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The materials and design of the Structural Bus will depend on the physical size of
the converter. One design option is a central beam on which the Power Bus and Control
Bus are mounted. Converter bricks are then mounted off of each side of the central
beam. The Thermal Bus is attached to the back side of the rows of bricks. Another
option is a rectangular frame that encompasses all of the bricks and buses of the
converter. Most Structural Bus realizations will likely be assembled from standardized

aluminum or steel channel pieces.

2.5 Converter Assemblies

2.5.1 Individual Converters

This section presents some representative Bricks-&-Buses converter assemblies
and a brief description of their properties. Both converters are roughly the same physical
size and have the same general topology — a passive 3 phase diode rectifier, DC link and
3 phase IGBT inverter. The specific bricks and buses have not been optimized
themselves, but are intended to be representative of components that would be used in the
5 to 20 kW range. The air-cooled 3-phase converter is presented in Figure 2-17 and
Figure 2-18. The water-cooled 3-phase converter is presented in Figure 2-19 and Figure

2-20.






Figure 2-19 Water-cooled 3-phase AC/DC/AC converter (1 of 2).

Figure 2-20 Water-cooled 3-phase AC/DC/AC converter (2 of 2).
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These converters are roughly the same physical size — approximately the size of a
large shoe box. Both converters are bus-centric — the Power Bus, Structural Bus, and
Control Bus separate two rows of bricks. This configuration is largely the result of
findings from the prototype hardware examined in Chapter 3. It allows the Voltage
Stiffening Bricks to be located directly across from the Power Switching Bricks to
increase the electrical stiffness of the DC voltage bus.

The Structural Bus of both converters is a mechanical frame that holds the Power
Bus and Control Bus. The bricks attach to this frame via fasteners (not shown) on the top
and bottom of the assembly. The Power Bus is made from a high current printed wiring
board. The Control Bus is also made from a printed circuit board, and is located below
the Power Bus in the same plane. Tight electrical layout and shielding, if necessary,
should prevent any EMC problems.

The Power Switching Bricks on each converter are comprised of an IPM module
and heatsink. In the case of the air-cooled converter the heatsink and fan on each of these
bricks comprise the Thermal Bus. The heatsink on the water-cooled converter is
connected to an explicit water supply and return network. The translation of the 3-phase
AC/DC/AC topology to the bricks is as follows. The 3 phase diode bridge rectifier
comprises one Power Switching Brick. The 3 phase inverter is comprised of 3 single
phase inverters. This simplifies cooling and control.

Immediately across from the 3 single phase inverter Power Switching Bricks is a
Voltage Stiffening Brick for decoupling the DC voltage bus. Next to each of the Voltage

Stiffening Bricks is a Current Stiffening Brick for the pole of each of the inverter legs.
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The remainder of the converter bricks are an Auxiliary Utility Brick, a Control Brick, a

Input Output Brick and a second Auxiliary Utility Brick containing an EMI filter.

2.5.2 Multiple Converters

Multiple converters can be connected in series or parallel if power or other
performance requirements cannot be met with an individual Bricks-&-Buses power
converter assembly. The Bricks-&-Buses concept of modular units and connective
architectures can be extended. In this scale, individual converters are bricks and are
connected via buses (Power Bus, Thermal Bus, Control Bus, and Structural Bus) within a

rack or complete assembly.

2.6 High Level Design Environment

The Bricks-&-Buses converter design process occurs in a computer aided design
(CAD) environment at a high level. The basic converter topology is described with a
graphical layout tool. The CAD system translates the graphical layout and key design
parameters into a power converter manufacturing file. This converter manufacturing file
provides sufficient information for the complete manufacture of the converter by an
automated fabrication house. These elements of the high level design cycle, as currently
envisioned, are described further below.

In most applications the converter design process begins with specification of the
converter topology. This typically includes definition of both the circuit topology and a
basic control block diagram at a high level. Specific components values and devices are

not explicitly specified in most cases. Instead, several key converter performance and
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design parameters are specified along with the topological definition. An example of
these would include maximum power, voltage, and current throughput, switching
frequency, filter bandwidths, voltage and current ripple limits, reliability indices, and
control objectives.

From this basic converter definition, the CAD translation engine generates a
converter manufacturing data (CMD) file. The CMD file is functionally akin to the
artwork used to describe the layers of a VLSI digital system or printed circuit board
(PCB). However, in contrast to the data files from those two manufacturing processes
(VLSI and PCB), the manufacturing file in the Bricks-&-Buses process does not
graphically describe a layout or prescribe the coordinates of a photo etching or exposure
tool. Instead the CMD file contains a listing of the bricks used in the converter, and their
nodal connectivity via various specified buses. The CMD file can be used by a converter
fabrication house to assemble the converter, through the use of the standardized Bricks-
&-Buses elements. The envisioned manufacturing process will be described further in
section 2.7. An illustration of the Bricks-&-Buses converter design and manufacturing
process is presented in Figure 2-21.

Some design efforts will require more specification of the converter’s low level
properties. In those cases where specific or custom devices, component values or buses
are required, the high level CAD tool will enable manual specification of the desired
property. For example, a specific bus architecture or maximum parasitic inductance
between two components is can be specified during the layout file translation process.

Integration of a custom component into the design process simply requires introducing a
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brick definition file into the design library and manually inserting the custom component

into the layout file.

System Custom component
definition \I, definition
(Revisions) HIGH —— BRICKS-&- | __ __ _|
|—— — — LEVEL BUSES i
F———- DESIGN L _ 3 LIBRARYS[” — — '
| Design Automated File '
| verification Generation |
1< '
MODEL |
VIEWER l
. CONVERTER '
l MANUFACTURING |
ENGINEERING DATA (CMD) FILE |
ANALYSIS |
SOFTWARE CMD files |
_________________ |
vy fabrication house
| (By fabrication house) I
I
: BUS FABRICATION | :
(I gy ————— ] |
CMD files and Buses |
|[ (By assembly house) | +
I
I CONVERTER ASSEMBLY |
e 1o
Packaged converters |
I

TESTING f-— — 2 — — — |

l Working converters

Figure 2-21 Bricks-&-Buses converter design and manufacturing process.

The layout translator will then integrated the custom component or manually
selected device or component property into the remainder of the automatically generated
converter design.

In many cases the design process requires an in-depth analysis of converter
performance and operation prior to fabrication. As such, the CMD together with the

brick and bus element definition library file can be used to extract specific physical
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properties about the converter design. In the simplest case the converter design can be
verified at a lower level with an electrical circuit viewer, thermal circuit viewer, control
topology viewer, solid model viewer, etc. For a more thorough analysis, the low level
converter design data can be extracted for simulation or finite element analysis in any one
of a number of engineering software tools such as PSPICE, SABER, EMTP, MATLAB-
Simulink, Solidworks, ProEngineer, [-DEAS, etc. If necessary, the design can be
changed in the graphical layout tool, and reconfirmed with the analysis tools and model
viewers. Iteration on this process can be used to optimally tune a converter design for

unusual applications.

2.7 Manufacture and Assembly

The Bricks-&-Buses production process begins with the converter manufacturing
data (CMD) file generated during the design activity. This file, along with any custom
bricks built to be integrated into the final converter, are all that is necessary production.
This process of converter realization is intended to be entirely automated, eliminating
costly custom setup and manual production design. The bricks and buses are selected
from a range of manufacturers that meet the specifications of the industry standard

framework.

2.7.1 Bus Manufacture

The buses are custom manufactured from standard components and processes to
meet the specifications of the Bricks-&-Buses framework and achieve the connectivity

specified in the CMD file. The specific technologies and processes of the bus
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manufacture process will depend on the Bricks-&-Buses specifications selected for a
particular converter design. A description of a representative Power Bus manufacturing
process is presented as follows.

The technology used building the Power Bus will obviously depend on the
desired power, voltage and current rating and other requirements. A laminated stack of
copper bus bars would be a likely technology for handing in the neighborhood of
hundreds of amps and volts. The manufacturing house would be able to completely
fabricate the complete bus from the data contained in the CMD file.

The CMD file would specify a small quantity of key information. First, would be
the name (or identification number) of the Power Bus class in the Bricks-&-Buses
framework. This would determine the gauge of bus bar to use, and the basic geometric
framework that the final bus is to fit into (i.e. maximum number of layers, connection
spacing, etc.). Second, the CMD would specify the Power Bus nodal connectivity
between the connections of the various bricks and the bus. From this CMD information
and a library file containing the standard bus specifications, a translation engine could
generated the specific executable file for computer aid manufacturing process equipment
(such as bus bar stamping, hole cutting, layering and laminating). A lower rated Power
Bus might be made from a printed or etched circuit board. One can imagine similar
automation of the printed circuit board layout and fabrication process.

Likewise the Thermal Bus, Control Bus and Structural Bus would all be
fabricated in a similar manner. The CMD file would list the identification number of the

particular bus class from the Bricks-&-Buses framework. Second, the CMD would



51
specify the nodal connectivity between the various bricks and buses. This would be

translated into executable for an automated manufacturing process.

2.7.2 Integrating the Bricks and Buses

Assembly and testing is the last step of converter production. The manufactured
buses and the CMD file are sent to an assembly house for the final converter integration.
The CMD will specify the arrangement of the bricks within the converter. Bricks that
meet the specification of each class of the Bricks-&-Buses framework will be available
from a range of manufacturers.

The Bricks-&-Buses framework is intended to facilitate automated converter
assembly. This is achieved through a comprehensive and unified approach to connection
in all aspect of the bricks and buses design specifications. An absolute priority will be to
eliminate hand assembly operations.

All connections will be designed to be as simple as possible and require a
minimum number of tools and fixtures. Positive locking brick to bus connections will
improve reliability. With pre-built integrated bricks and custom bus assemblies, the
number of connections to be made during assembly will be considerably reduced. This
should accelerate assembly and help keep costs down.

In addition, the location and nature of the connections will be designed so as to be
“automation friendly”. This can be achieved by having all of the connections positioned
along one or two exposed faces. Another useful feature is to have the electrical

connections (Power Bus and Control Bus) occur as a direct result of the Structural Bus



connection. The Power Bus and Control Bus brick to bus connections result from

mechanically securing the brick to the Structural Bus.
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Chapter 3 Prototype Demonstration

3.1 Prototype Hardware Realization

A prototype hardware converter was designed and constructed in order to test the
viability of the Bricks-&-Buses concept and more fully examine the practical
implications and/or limitations of a standardized architecture. The focus of this prototype
converter design was on geometric constraints, interconnection, modularity, parasitic bus
effects, and interference. Consequently, many important aspects of conventional
converter design were not emphasized, such as power density, optimization of brick form
factor, etc.

The topology of the Bricks-&-Buses prototype is a single-phase AC/DC/AC
converter. A solid model of this converter and a photograph of the as-built hardware are
presented in Figure 3-1 and Figure 3-2. The high degree of conformance between the

solid design and physical realization is readily evident.

Figure 3-1 Solid model of the converter as designed in SolidWorks.
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Figure 3-2 Photograph of prototype hardware.

3.1.1 Prototype Bricks

As the hardware was built during the process of the framework development, the
bricks of this converter do not exactly correlate to those described in the previous
chapter. From left to right, the functional bricks of this converter are as follows: Input
Brick (blue), Power Switching Brick 1 (single phase diode bridge rectifier), Voltage
Stiffening Brick 1 (red), Power Switching Brick 2, Power Switching Brick 3, Voltage
Stiffening Brick 2 (red), Output Brick (blue). Power Switching Bricks 2 and 3 together
form a single phase leg of an IGBT-diode inverter. Individually these two Power
Switching Bricks can operate as a positive or negative referenced buck converter. A
Control Brick, which would otherwise be part of the converter, has been omitted from
this prototype to accelerate testing. The total dimensions of the converter are
approximately 34 cm x 9 cm x 8.5 cm.

Power Switching Bricks 2 and 3 have isolated gate drive circuitry for the IGBT,

and local bypass capacitance (0.4 puF) to limit switching device voltage overshoot. Power
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Switching Brick 1 is a passive diode bridge rectifier. Fans are mounted on the back face
of each heatsink to draw air in from the front — the Thermal Bus. The Power Switching
Brick may be considered to be prototype integrated power electronics module that is
thermally self-contained.

Control signals and source power enter the converter from the Input Brick on the
left. The Input Brick contains routing for the Control Bus and Power Bus electrical
connections. In addition the Input Brick has inrush current limiters, switch and circuit
breaker. The output power connections are made via connectors on the right face of the

Output Brick.

3.1.2 Prototype Bus Architecture

The buses of the first generation prototype were designed for simple bench top
fabrication and assembly, while maintaining flexibility for reconfiguration. In this
prototype the Control Bus, Power Bus and Structural Bus are physically independent but

are all attached on the bottom face, as shown in Figure 3-3.

Thermal Bus

Control Bus

Figure 3-3 Bottom / back face of converter showing bus connections.
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Locating all of the electrical and mechanical brick-to-bus connections on one
exposed face facilitates automated manufacture. This also allows for easy brick removal
and replacement in the event of component failure.

The Power Bus is made from insulated stacking of single conductor copper bus
bars from the Eldre Corporation [30]. The appropriate bus-bar-to-brick electrical
connections are made via screws to PCB-mounted terminals. This design choice for the
realization of bus planes proved to be much more flexible and effective than that of a
typical laboratory prototype. The converter is easily reconfigured from a split bus
DC/AC inverter to a buck converter. Because of their flat cross section and small loop
area, these bus bars have relatively low parasitic inductance.

The Structural Bus, Control Bus and Thermal Bus of the prototype converter are
relatively primitive realizations of the vision laid out in reference [1]. The Structural Bus
was fabricated from two pieces of aluminum bar stock. The bricks of the converter are
attached via screws into standard hexagonal aluminum PCB standoffs. The Control Bus,
a 10 conductor ribbon cable, provides gate signals and auxiliary power to fans and gate
drive circuitry in Power Switching Bricks 2 and 3. This is simple but effective for this
low complexity converter. As mentioned previously, there is no explicit network for the
Thermal Bus. It is, instead, simply the ambient air through the fans and heatsinks on the

Power Switching Bricks.

3.1.3 Parasitic Inductance of Power Bus

The electrical parasitic properties of the power bus can have a significant

influence on the operating range of the Bricks-&-Buses architecture. In particular,
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parasitic self-inductance can produce device damaging voltage overshoot and limit the
maximum switching frequency as a result during device turnoff. This section presents a
first order analysis of the physical properties of Power Bus design as they relate to
parasitic inductance in order to develop guidelines for future design revisions.

Voltage transients due to power bus self inductance are particularly problematic
during device turnoff, potentially destroying the power switching device. A simplified

electrical model of the DC bus as seen from the switching device is presented below in

Figure 3-4.
Power Switching Power Bus Voltage
Brick Stiffening
Brick

Local Parasitics

Bus Bar Parasitic
Inductance &
Resistance

Local
Zin Capacitor

Electrolytic
Capacitor

Figure 3-4 Electrical model of Power Switching Brick, Power Bus, and Voltage

Stiffening Brick.

This model is appropriate for a first order analysis, neglecting higher order effects
such as the distributed parasitic nature of the power bus, power bus capacitance, and the
skin effect. The corresponding device voltage overshoot is a function of the device
current turn off profile. To a reasonable approximation, the slope of the current
transition, di/dt, is equal to the on state current divided by the fall time. While the

minimum fall time is limited by the device characteristics, acceptable fall times for a
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specific application are often larger to limit EMI and overshoot. The effects of
decoupling capacitance on the performance of the bus have been studied in detail in [31],

and would serve as a springboard for further investigations.

| Z;, |

il
. NEERI il

Frequency
Figure 3-5 Typical normalized impedance seen by the switching device.

The input impedance presented in Figure 3-5 shows a pole with very high Q
which is typically responsible for the voltage ringing overshoot. Additional local bypass
capacitance reduces the frequency of the high Q pole and the peak amplitude of the
response. Additional power bus inductance increases the pole frequency and the peak
amplitude of the response.

The first prototype of the Bricks-&-Buses architecture uses parallel plate copper
bus bars to connect the Power Switching Bricks to the DC electrolytic capacitor of the
Voltage Stiffening Bricks. The per unit length self inductance, L’, of these bus bars can
be approximated based on the permeability, u, bus bar width, w, and bus bar separation,
d, as follows in (1). This inductance is in addition to any series self inductance of the

brick PCB itself.

L’=pdw (1)
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In the modular Bricks-&-Buses framework, increasing the power converter rating
can be as simple as changing out the Power Switching Brick. For a given DC bus
voltage, an increase in converter power capability requires a proportional increase in
switch current. Consequently, for same device turn off time, this produces a
proportionately faster current transition, di/dt. As a result the switching device voltage
overshoot increases in proportion to power flow. From another perspective, additional
local bypass capacitance must be added to achieve the same voltage overshoot with
increased power rating.

Unfortunately this becomes more challenging as the converter power rating
increases. If one assumes a uniform heat distribution on heatsink base, the heat sink
surface area must scale in linear proportion to the power flow to maintain the same case
temperatures. For a specific brick size class (fixed height and depth) the Power
Switching Brick width will be approximately proportional to the power rating. The result
is an increase in the parasitic power bus inductance, necessitating increased bypass
capacitance.

A more comprehensive investigation of this trade-off will be the topic of further
research. However, it is apparent that the current architecture, in which the electrical bus
connections are located on an external edge, is only appropriate for a limited power
range. As an alternative, a bus-centered architecture would reduce or eliminate this
scaling problem by locating Voltage Stiffening Bricks immediately across the poles of a

Power Switching Brick.
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3.1.4 Radiated EMI

Mutual coupling between the Power Bus, Control Bus, and proposed Control
Brick can result in disruption of low voltage analog sensing and control logic signals.
This can affect the design and allowable proximity of the Control Brick to the Power
Switching Bricks and the Power Bus.

In order to estimate the degree of induced voltage per signal trace area, a small
voltage “sniffer” circuit was built. This circuit is comprised of a small flat inductive pick
up coil on a circuit board, representing a typical loop in a control circuit board. The
voltage output of the pick up coil is fed directly into a high bandwidth amplifier made by
Mini-Circuits Corp [32]. A schematic of the circuit is presented in Figure 3-6. The

properties of the sniffer coil amplifier circuit are summarized in Table I.

GAL Test

Sniffer
Coil

Figure 3-6 Sniffer coil amplifier circuit used for assessing the effect of radiated noise.
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Table 3-1 Sniffer circuit properties.

Area per turn 1.1 cm
Number of turns 4
Amplifier gain 20.8 dB
Net gain, G 0.0188 (Viem?)V

The induced voltage was measured at specific positions around the converter,
selected so as to be close to sensitive signal paths. The three locations are: at the Control
Bus; within the converter volume adjacent to Power Switching Brick 2; directly adjacent
to the screw terminals on the front of the Power Switching Brick 2. A solid model of the

converter and three sniffer circuit locations is presented below in Figure 3-7.

Location A

Figure 3-7 Solid model of the converter with 3 sniffer circuit measurement locations

(converter shown upside-down).

The Bricks-&-Buses prototype was configured to operate as a buck converter as
described in the following section. Measurements were taken while delivering 3.2 kW of

power from a 400 V DC bus. The results from the measurements are collected in Table
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II. A scope capture of a typical sniffer circuit voltage waveform at location C is presented

below in Fig. 3-8.

Table 3-2 Induced voltage per unit area.

Measurement Location Vek.pk | Area (V/cmZ)

A 4.13E-02
B 2.63E-02
C 6.20E-02

- LA M N M I

Figure 3-8 Induced voltage in sniffer circuit while delivering 3.2 kW to an R-L load:
Chl (yellow) — gate control signal; Ch2 (purple) — IGBT VCE; Ch3 (blue) — load resistor

voltage; Ch4 green) — sniffer circuit voltage (gain = 0.0188 (V/ecm2)/V).

3.2 Prototype Operation

Initial tests of the converter demonstrated successful operation when configured

as either a buck (AC/DC/DC) or inverter (AC/DC/AC), both fed from the diode bridge
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rectifier. Configuration properties for operation as a buck converter into an R-L series

load are presented below in Table 3-3.

Table 3-3 Buck converter test configuration.

Rioap 30.0 Q
Lioap 5.6 mH
Csus 2200.0 uF
CrocaL 0.4 uF
Fswitch 10.0 kHz
Tavs 25.0 °C
IGBT IRF: IRG4PC40F
Diode IXYS: DSEP30-06A

Converter power flow and efficiency data were measured for DC bus voltages of

250 and 400 V. Plots of converter output power vs. duty ratio and efficiency vs. duty

ratio are presented below in Figure 3-9 and Figure 3-10 respectively.
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Figure 3-9 Buck converter power output vs. duty ratio for an R-L load.
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Figure 3-10 Buck converter efficiency vs. duty ratio for an R-L load.

The IGBT case temperature remained within 25 °C of ambient while delivering
3.2 kW to the load. This modest temperature rise indicates that there is thermal
headroom for higher power throughput from the power switching bricks. A scope
capture of the gate control signal, IGBT Vg and load resistor voltage for 3.2 kW

operation is presented in Figure 3-11.

Figure 3-11 Buck converter operation delivering 3.2 kW to an R-L load: Chl (yellow) —

gate control signal; Ch2 (purple) — IGBT VCE; Ch3 (blue) — load resistor voltage.
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Chapter 4 Design Issues of Power
Converter Components

Any power converter consists of power semiconductors, capacitors, inductors and
transformers for realizing their electrical function and cooling systems to maintain
adequate operating temperature margins for the electrical components. This chapter
provides a discussion of detailed design considerations used for selecting and sizing the
constituent components of a generic power converter. These considerations would form

the basis for architectural design of power converters in continuing investigations.

4.1 Power semiconductors

Semiconductor switching devices may be considered to be the muscle of any
power conversion system. The choice of power semiconductors directly affects the
performance of power conversion and power transfer process. Key parameters considered
in sizing power semiconductor devices include their blocking voltage capability, current
carrying capability determined by the conduction power loss, switching speeds affecting
their switching loss, and effective thermal resistance for the device package.

The main dc bus voltage for the central electric drive train is about 700V. This
immediately points to a blocking voltage requirement for the accessory power converter
to be above this level leading to the choice of IGBTs as the choice active switching
device. At voltage levels of several 100 V, MOSFETs do not feature competitive

properties in terms of current carrying capacity [35] The use of IGBTs places limits on
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the range of switching frequency attainable due to increased transition intervals during
switching. In addition, power device’s conduction and switching performance affect the
system’s overall efficiency and cooling requirement. Thus in order to select and size
switching devices properly, it is important to obtain an accurate estimate of power loss in
the device as described further.

The average conduction loss through a power semiconductor (IGBT or a diode)
during a switching period can be estimated as

P

cond

=V, xI, xD (2)

where V,, is the device voltage drop during on-state, /,, is the current flowing through the
device and D is the duty ratio of the device during the switching period.

Switching loss can represent a significant portion of the total device loss,
especially when the switching frequency is selected to be high. Switching loss for an
IGBT includes turn-on loss and turn-off loss. The turn-on and turn-off loss can be

estimated respectively as

1
1)0n =E'(10n +Irrm)'(tr +trr).l/0ff 'fs-w (3)
1
Py _E'l'tf'Voﬂ'fsw @

where /,,, is the magnitude of current flowing through IGBT during on-state; /,,, is the
diode reverse recovery current; ¢ is the rise time; ¢, is diode’s reverse recovery time; # is
the fall time for turn-off; V,;is the voltage across the IGBT during the off state, f;,, is
the switching frequency. The two equations above show that the switching loss is
approximately proportional to the off-state blocking voltage and on-state conduction

current. Technical datasheet from device manufacturers may provide the turn-on energy
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loss, E,, and turn-off energy loss, E,;directly in mJ or g/, at specified testing conditions
of device junction temperature, blocking voltage, Vo aea and conduction current,

Lo rarea- In this case, the turn-on and turn-off power loss calculations can be estimated by
scaling the manufactures’ test data to match the voltage and current levels at particular

design conditions as illustrated below:

v, 1

U

Ijon = Eon ’ Ji - ’ fS'w (5)

Vojf _rated on _rated
v, I
_ i
Poﬁr - Eoﬁ : ’ = ’ f;‘w (6)
off _rated on_rated

The ambient temperature for the power converter system is generally provided as
one of the overall project specifications. Therefore, if the power semiconductor devices
with a maximum allowable junction temperature Tjmax, a low thermal impedance heat
removal path is critical to maintain the switching device’s junction temperature from
being too close to Tjmax. Furthermore, higher device junction temperatures lead to a
shorter device life expectancy. Thus, a careful choice of the power device package format
is necessary, as the device junction to case thermal resistance may be a significant part of
the overall thermal resistance.

Power semiconductor’s reliability/failure rate can be described by the bathtub
curve as shown in Figure 4-1. In the first stage of power devices life, the failure rate is
high but decreasing. The second stage is the useful life span, which is the characterized
by a relatively constant and low failure rate. The third phase sees an increasing failure
rate, due to parts being worn out. Most reliability analysis is concerned with the failure

rate during the second stage [36]-[39].
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Figure 4-1: Bathtub-shaped failure rate curve for electronic devices and systems

There are different failure mechanisms causing a power semiconductor device to
fail in function. In general, most failure mechanism can be modeled by using the

Arrhenius equations shown below.

Eﬂ

TTF =C-e™7 (7)

where TTF is the time to failure, in hours; C is a constant, in hours, E, is activation

energy; K}, is Boltzmann’s constant 8.616x10” eV/K; T is absolute temperature in the
unit of K. For a specific failure mechanism, there is a corresponding activation energy,
e.g. for failure under high temperature reverse bias, £, =1 eV; for high temperature gate

bais failure £, =0.4 eV. A more useful term is acceleration factor (AF), defined as

1 1

TTF Lo )

F — rate — eKb T ate Toper (8)

ITF
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where TTF 4. is the manufacture predicted device time-to-failure under testing/rated
condition and 77F,,., is the expected time-to-failure under real operating condition. 7.
is the junction temperature under testing condition and 75, is the junction temperature in
real operation condition. With the information of 77F ., E, and T,4. provided by the
device manufacturer, the acceleration factor can be estimated based on device junction
temperature, which depends on the total device loss and cooling conditions.

Such design considerations of semiconductor devices are integrated along with
cooling considerations, reactive component sizing considerations, etc. to develop an

architectural scaling approach to power electronics design.
4.2 Capacitors

Capacitors form a critical component of power conversion system by providing
energy storage at the intermediate dc bus or to absorb ripple current at input and output
terminals of the converter.

The operating life of capacitors is critical to ensure adequate reliability levels for
power conversion system. In order to guarantee a desired life-time for the capacitor, both
capacitor ripple current and its equivalent series resistance (ESR) have to be considered
in rating of capacitor. While other types of capacitor have their advantages over
electrolytic capacitors, electrolytic capacitors still is most widely used in the power
conversion field. With a careful design, electrolytic capacitors can also achieve desirable
life-time [40]-[44]. An electrolytic capacitor’s ESR depends on both ripple frequency and

operating temperature. The capacitor’s ESR decreases as the operating frequency and the
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temperature increase. The equation below shows a typical relationship between the ESR
and frequency.

~12
ESR, = ESR,,, —39800- Ju 7120 9)

Sw

where f;,, 1s the ripple frequency; ESR;and ESR;» are the capacitor’s ESR at frequency
of f;,» and 120Hz respectively in mQ; C is the capacitance in pF. Figure 4-2 shows this
relationship graphically. At the low frequency range, ESR drops significantly with the
frequency, while at higher frequencies, the dependency is weak.

Typical values of the capacitor’s ESR at certain frequency, e.g. 120 Hz are
generally provided by the manufacturer’s specifications sheet. This data may be fit a
mathematical curve so that they may be conveniently used for analytical designs as
illustrated Figure 4-3 [45]-[46]. On a log-log scale, it may be noted that the capacitor
ESR decreases linearly with increasing capacitance, while capacitor size and maximum
ripple current increase linearly with capacitance.

The product of the ESR and square of ripple current gives the maximum power
dissipation the capacitor can tolerate, under specified cooling conditions. Since the ESR
of the capacitor depends on the operating frequency, the ripple current flowing through
the capacitor can be decomposed into different frequency components. Then the heat
dissipation is calculated at each ripple current frequency, using the corresponding ESR at
that frequency. The sum of the heat dissipation at different frequencies gives the total
heat generated in the capacitor. Often, a reasonable estimate of the total heat dissipation
can be obtained by considering only those frequencies where the major ripple

components exist.
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Figure 4-2: A plot of the variation of a capacitor’s ESR as a function of ripple current
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Figure 4-3: Typical variation of capacitor’s ESR, ripple current and cross sectional area

(diameter X height) as a function of capacitance

For instance, the current flowing through the dc bus capacitor bank fed by a diode

bridge rectifier, which in turn feeds a step down converter is dominated by components
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related to the ac line frequency and the PWM switching frequency. Thus, two separate
ESR loss calculations carried out for the ac line frequency ripple and PWM frequency
ripple current provide an accurate estimate of the total capacitor heat dissipation.

Once the total power dissipation in the capacitor is known, its core temperature
can be estimated using the manufacturer-provided data for the thermal resistance for
capacitor internal structure. The electrolytic capacitor’s life expectancy may be readily

determined from the core temperature and operating voltage stress as

Thase =T

Ll.'f‘e = Lif‘ebase ’ MV ’ 2 10 (10)

where Lifey,s. 1s the manufacture predicted capacitor life expectation at specified
temperature 745 118 the core temperature at real operation conditions. Mv is the

voltage stress factor define as

VCG a
My=43-33.—2-12 (11)

cap _ rate

where Ve, o and Vs, rae are capacitor voltage levels at operating conditions and specified
test conditions respectively.
These considerations from the basis for sizing capacitors that form a significant

part of power converters.

4.3 Thermal management elements

Good thermal management is critical in maximizing the utilization of power
semiconductors’ electric power processing capability.